The wide range of applications of nanoparticles (NPs) has increased the probability of environmental and occupational exposure. In a previous comparative study on cell line A549, we observed that oxidative stress caused by Co3O4 NPs affects the energetic homeostasis and the detoxification capacity, preventing autophagy induced by TiO2 NPs. In this study, we have investigated the effects of NPs on the cell cycle. Cytofluorimetric analysis showed a slow-down of the cell cycle progression for both NPs, with increases in the percentage of resting cells in the G0/G1. These observations were confirmed by a reduced expression of all cyclins, especially of CCNE1 and CDK2, involved in the late stages of the G1 phase, coupled with a significant increase in the expression of p21 only for Co3O4 NP exposure. On the contrary, the effects of TiO2 NPs were modest. Cell cycle related miRNA-34a, miRNA-126 and miRNA-1290 resulted increased at different early time-points (4-8h) but were down-expressed at 24h-48h only after TiO2 NP exposure. Our results show that NPs have an antiproliferative effect and deregulate cell cycle on A549 cells. These effects should not be underestimated because regulation of cycle progression is crucial for cell survival and repair of genetic damage.
Introduction
With an increasing number of commercial and consumer products containing nanoparticles (NPs), their use and production has become an important toxicological concern. The wide range of applications increases the possibility of human exposure (occupational and non-occupational), and therefore an improved understanding of their effects is required.
Among different NPs, Co3O4 NPs and TiO2 NPs arose a great interest due to their wide range of applications, but also for their potential toxic properties [1] . Cobalt-based nanoparticles are used in many types of technological products: sensors, catalysts, pigments, and magnetism and energy storage devices leading to human occupational exposure.
Since inhalation is likely to be the main entry route of NPs into the human body, Co-NPs occupational exposure is commonly related to lung diseases, such as interstitial pneumonitis, fibrosis and asthma, and can increase the risk of developing lung cancer. In fact, lungs are the main potential exposure target organ during production and processing of nanomaterials that remain for a long time in the respiratory tract [2] . In addition, allergic dermatitis, and cardiomyopathy related to occupational exposure are also reported in the literature [3] . Since Co3O4 NPs are extensively used in biomedical applications such as orthopaedic prosthesis, internally non-occupational exposure can also occur [4] . This raises particular concerns about the potential risk of carcinogenicity [5] .
TiO2 NPs, on the other hand, are one of the earliest industrially produced and the most highly manufactured nanomaterials with a wide range of applications in various fields (e.g. paints, rubber, paper, cosmetics, pharmaceuticals and sunscreens). Over the last few years, the potential hazard of TiO2 nanoparticles (NPs) has been debated and questioned [6] .
The evolution of research on nanotoxicology demonstrates that not only apoptotic/necrotic experimental end-points or oxidative stress must be evaluated, but also that more emphasis should be addressed towards the sublethal and chronical mechanisms and pathways through which nanoparticles can impair cellular functions.
Insults from specific nanoparticulate formulations may abort the usual cell cycle and the phase arrest varies significantly depending on the NPs' composition, size, size distribution, surface, and coating [7] . Cell cycle progression should not be underestimated because it can be related to phenomena that lead cells to grow out of control, such as evasion of antigrowth signaling, abnormal proliferation and resistance to cell death, and other mechanisms involved in tumor formation and development of malignancy [8] .
In addition, alterations of the normal cytokinesis mechanism may increase the possibility of nuclear re-fusion in cells that have finished nuclear division: nuclear fusion and cells with aneuploid chromosomes are frequently observed in tumors [9] .
Several in vitro studies report similar abnormalities in cells exposed to cobalt nanoparticles, including DNA damage, micronucleus, induction and DNA strand breaks, mainly because of oxidative stress [1, [10] [11] [12] [13] .
The potential toxicity of TiO2 has been determined in different experimental investigations but it is still controversial. The potential hazardous effects of TiO2 NPs on the cell cycle are still insufficient and the related mechanisms need further elucidation.
Several studies were carried out to understand if TiO2 NPs induce cycle arrests and some of them excluded effects on cell cycle distribution [14] . However, perturbation of this process was reported in cells exposed to TiO2 NPs [15] [16] [17] [18] [19] [20] [21] .
These contradictory conclusions may be due to the varying experimental conditions, to the different cellular models and culture media, and to the different sizes of TiO2 NPs. Moreover, synchronization was suggested to reveal alterations in cell cycle distribution that could be hidden in unsynchronized cell cultures [22] . Additionally, these discrepancies may also be ascribed to the metal NP interferences with fluorescent probes used in flow cytometric analysis of DNA [23] .
Regulation of the cell cycle is crucial to cell survival, ensuring also the detection and repair of genetic damage as well as the prevention of uncontrolled cell division. Each phase occurs in a sequential irreversible fashion mediated by the two key classes of regulatory molecules, cyclins and cyclin-dependent kinases (CDKs) [24, 25] . While CDKs are constitutively expressed in cells, cyclins are synthesized at specific stages of the cell cycle in response to various molecular signals. Modification of the cell cycle checkpoint proteins, or of their expression, leads to abnormal progression. In this complex regulatory network, are involved also small noncoding RNA molecules, microRNAs (miRNAs) that inhibit the translation of mRNAs by binding to the 3'-untranslated region (UTR) of their target mRNAs, resulting in reduced levels of the corresponding protein or cleavage of their RNA [26] . We focused on three miRNA involved in the regulation of cycle: miRNA-34a, miRNA-126 and miRNA-1290 [27] [28] [29] .
Therefore, we hypothesized that a thorough assessment of the factors controlling the cell cycle can contribute to the understanding of Co-and Ti-NP effects.
In our previous study, the cell cycle progression was significantly perturbed in human primary endothelial cell lines HAEC and HUVEC treated with Co3O4 NPs and TiO2 NPs, with accumulation in phase G0/G1 [13] . The same NPs did not cause necrosis or apoptosis but significant decreases in the cell number and in the intracellular ATP levels in A549, a widely used cell line for pulmonary toxicity studies [1] .
In this study, we have further investigated the effect of Co3O4 NPs and TiO2 NPs on A549 cellular cycle and discussed their possible mechanisms, evaluating the expression of cyclins and of miRNAs as key post-transcriptional regulators of gene expression with effects on this process.
Results

Cellular cycle analysis
NPs effects on cell cycle progression were examined after 24, 48 and 72 hour exposure to 20 µg/ml NPs. This concentration was chosen because in our previous study it did not cause cell death [1] . To avoid blunders arising from interference of probes with NPs, results generated by viability assays [1] were verified and confirmed by morphological observation and cell count (not shown).
The analysis of the cell cycle shows time-dependent perturbations for both NPs ( Figure 1 and Table   1 ). Co3O4 NPs significantly altered cycle progression starting from 24 hours, causing accumulation of A549s in phase G0/G1 and decreases of S (24-48-72h) and G2/M (only at 72h) populations. This trend was also present during the treatment with TiO2 NPs (Figure 1 and Table 1 ), but with some differences: (a) no significant effects were observed at 24h; (b) at 72h the percentage of cells in G0/G1 phase was lower than that observed for Co3O4 NPs; (c) the decrease of % of cells in S phase was lower than that observed for Co3O4 NPs. 
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Cyclin expression
The alteration of the cell cycle was further assessed by the quantification of transcripts of cyclins and cyclin-dependent kinases involved in the control of the cycle in G0/G1 phase ( Figure 2 ). and CCNE1, with a total recovery after 48 hours from exposure, while a significant decrease at all the time-points was observed for CCND1 and CDK2. At the same time, a significant increase in the expression of p21 was observed only after 48h of treatment. During exposure to TiO2 NPs, some cyclins involved in the early and late-phase G0/G1 were transiently hypo-expressed: CDK6 and CDK2 at 8 hours and CCNE1 at 24 hours from exposure, with a total recovery after 48 hours. p21
gene was not upregulated. 
MiRNA expression
We also evaluated the expression of three miRNAs involved in the regulation of the cell cycle ( Figure   3 ). The expression of all miRNA varied over time in response to the presence of NPs. MiRNAs 34a
and 126 were induced two-to fourfold in the early stages of exposure and then their levels fell to values lower than the controls. The pattern at early times was similar for both nanoparticles, although miRNA-34a increase seems to be more important for Co3O4 NPs and miRNA-126 for TiO2 NPs.
However, after exposure at later time TiO2 NPs reduced the expression of both, while with Co3O4
NPs a modest under-expression was observed at 48 hours only for miRNA-126.
More complex was the trend of miRNA-1290: a slight upregulation in the early hours of Co3O4 NPs exposure was followed by a transient decrease and then by an overexpression from 24h until the end of the observation period. This biphasic trend was also observed in cells exposed to TiO2 NPs though at lower levels. 
Discussion
Although a widespread opinion attributes the effects of metallic NPs mainly to oxidative stress, NPs can induce cellular responses via different pathways, not involving the redox imbalance. We confirmed this in our previous studies [1] comparing nano-sized Co oxide to Ti oxide for a long time considered "safe" non-toxic and frequently used as a negative control when assessing nanotoxicity.
Both NPs caused neither necrosis nor apoptosis, but the persistent presence of both NPs resulted in a significant decrease of cell number and of clonogenic activity.
Oxidative stress was evident only for Co3O4 NPs, influencing energy homeostasis and hampering the ability to detoxify and to repair the resulting damage, thus preventing the induction of autophagy.
Instead, TiO2 NPs elicit autophagy also under sub-toxic conditions [1] .
Cytofluorimetric analysis showed a slow-down of the cell cycle progression for both NPs, with increases in the percentage of resting cells in the G0/G1, more pronounced after 48 hour exposure for Co3O4 NPs.
Antiproliferative effects of these NPs, but particularly of Co3O4 NPs, were observed also in endothelial primary cells [13] , coupled with perturbations of the cell cycle and accumulation of HAECs and HUVECs in phase G0/G1. Our present work has confirmed this effect also in the quickly dividing human lung cancer cells A549: both included NPs are able to slowing down the cycle progression, but Co3O4 NPs were more active.
If disturbances of Co3O4 NPs on the cell cycle are frequently reported and accepted [13] , the evidence for the TiO2 NPs is more controversial and even the phase in which a block occurs is undefined/debated. In other in vitro and in vivo systems, changes in cell cycle progression were observed in the short-and long-term [30, 31] and these disturbances seem to affect mitotic progression at anaphase and telophase leading to chromosomal instability and cell transformation. Other authors suggested that TiO2 NPs could interfere with DNA synthesis and lead to a delay in cell cycle progression in the S phase [16, 32] . In A549 cells a G2/M phase arrest was induced by TiO2 NPs [17, 18] . Recently, it has been observed different responses to TiO2 NPs in model cell lines constitutive of the alveolo-capillary barrier, and that, in A549, the cell cycle progression was not impacted by TiO2 NPs exposure [20] . Furthermore, TiO2 NP-exposed cells without synchronization had no changes in cell cycle distribution; however, synchronized cells also reveal a faster capability of TiO2 NP-exposed cells to increase cell population in the G2/M phase, concluding that synchronization discloses a greater percentage of cells in the G2/M phase and higher proliferation than TiO2 NP-synchronized cells [22] .
Regulation of the cell cycle involves processes crucial to cell survival, including the detection and repair of genetic damage to ensure that damaged or incomplete DNA is not passed on to daughter cells. The prevention of gaps in replication is very important, because ensures that every portion of the cell genome will be replicated once and only once: daughter cells that are missing all or part of crucial genes will die. Two key classes of regulatory molecules determine the cell's progress into the cycle: cyclins and cyclin-dependent kinases (CDKs) [24, 25] . The close interaction of CDKs with cyclins and Cdk inhibitors (CKIs) is necessary for ensuring orderly progression through the cell cycle.
These molecules act in concert in a cascade.
Cyclin D is the first cyclin produced in response to extracellular signals and binds to existing CDK4, forming the active cyclin D-CDK4 complex. This complex, in turn, phosphorylates the retinoblastoma susceptibility protein (Rb), causing the dissociation of E2F/DP1/Rb complex and activating E2F. This activation triggers the transcription of various genes such as cyclin E, cyclin A, DNA polymerase, and thymidine kinase. Cyclin E, then, binds to CDK2 and the cyclin E-CDK2 complex drives the cell from the G1 to the S phase (G1/S transition). The complex cyclin B-CDK1
initiates the G2/M phase: its activation causes the breakdown of the nuclear membrane and the initiation of prophase, while subsequently, its deactivation causes the cell to exit mitosis. Two main checkpoints are present: the G1/S checkpoint, a rate limiting step, and the G2/M checkpoint. Cell cycle checkpoints are control mechanisms that ensure the fidelity of cell division, verifying whether the processes at each phase of the cell cycle have been accurately completed before progression into the next phase. All checkpoints allows to monitor and regulate the progression at specific points and ensures that the cell is prepared for the following steps: the next phase cannot be started until checkpoint requirements have been verify. It is impossible to "reverse" the cycle.
In this work we observed a decreased expression of cyclins and CDk involved in the regulation of the early and late stage of phase G0/G1 and these results are consistent with the accumulation of resting cells evidenced in cytofluorimetric analysis. The differences in antiproliferative activity between Co and TiO2 NPs were furthermore confirmed by the lower downregulation of Cyclin and CDKs during TiO2 NPs exposure of A549. After TiO2 NP exposure, only three cyclins were under-expressed at single time-points, while after Co3O4 NP exposure the decrease was transient for CDK4, CDK6 and CCNE1, and permanent for CCND1 and CDK2. To this different response may also contribute p21, the potent cyclin-dependent kinase inhibitor (CKI): the p21 (CIP1/WAF1) protein binds to and inhibits the activity of cyclin-CDK2, -CDK1, and -CDK4/6 complexes, and thus functions as a regulator of the cell cycle progression at G1 and S phase [33, 34] . Only after Co3O4 NP treatment, the levels of p21 were elevated and rose to their highest levels at the end of the observation period.
Results therefore indicate that cyclin expression alone cannot fully justify the arrest of cell cycle in G0/G1 phase after TiO2 NP exposure. Therefore, we speculate that autophagy observed in our previous work [1] may play a role. Although the relationship between autophagy and G0/G1 phase arrest in the absence of cellular death is poorly documented in literature with NPs, this has been demonstrated for some drugs, like metformin [35] .
More difficult is the interpretation of miRNA expression in A549 cells during NP exposure. Loss of miRNA-34a expression or inactivation has been identified in many tumor types (lung, breast, colon, kidney, bladder, pancreatic cancer and melanoma) and in cell lines derived from the corresponding tumors. miRNA-34a is directly controlled by tumor protein p53 at the transcriptional level and conversely miRNA-34a can stimulate endogenous p53 activity in a positive feedback [36, 37] . In response to p53 activation, miRNA-34a up-regulation significantly decreased CDK4 and E2F1
protein levels, leading to G0/G1 cell cycle arrest [38] . An ectopic expression of miR-34a leads to a dramatic reprogramming of target genes and consequently inhibits cancer cell proliferation, induces cell cycle arrest, and may enhance apoptosis [36, 37, [39] [40] [41] . Its anticancer activity has been demonstrated in various human cancer cells in vitro and is considered one of the most promising tumor suppressive miRNAs for cancer treatment [42] .
Among various miRNAs, miRNA-126 has an important role in cancer progression via negative control of proliferation, migration, invasion and cell survival, suppressing translation of different target genes [43] . Anti-proliferative effect of miRNA-126 was found in several tumor types including colon cancer, non-small cell lung cancer and malignant mesothelioma (MM) [44] [45] [46] .
MiRNA-1290 is encoded in the first intron of the ALDH4A1 gene in the human genome, and its expression has only been described in humans. Homologs are present in primates but not in other vertebrates, while the mature miRNA-1290 sequence is exclusive to the subfamily Homininae [29] .
miRNA-1290 can play a role in mitotic exit during differentiation by regulating the expression of key cell cycle proteins and in maintaining cell cycle repression and differentiated state [29] . Its targets include genes coding for proteins involved in cell cycle arrest, G1/S transition and interphase, such as cyclins, cyclin kinases and cyclin kinase inhibitors. miRNA-1290 overexpression led to a slowing down of the cell cycle and differentiation [29, 47, 48] .
The expression of these three miRNA was transiently increased during treatment with both NPs, but at different times-points. MiRNA-34a and miRNA-126 are more involved/active in the early phase while miRNA-1290 supports the last cellular exposure. However, a late under-expression of miRNA34a and miRNA-126 was observed after TiO2 exposure, in line with a similar phenomenon observed for miRNA associated with autophagy [1] . These observations complicate the interpretation of their roles but is inherent to the intrinsic nature of these molecules to be very versatile and easily influenced by feedback mechanisms. MiRNAs can regulate the target gene by imperfect base-pairing to the 3' UTR, so a single miRNA can target several hundred mRNAs. Moreover, a single target gene often includes more binding sites for multiple miRNAs that can bind co-operatively [49, 50] , allowing miRNAs to form a complex regulatory control network. The high time-dependent variation in intracellular levels of miRNA is an additional confounding factor in the interpretation of their role.
Conclusions
Our results provide a clear demonstration that NPs have an antiproliferative effect on A549 cells and deregulate cell cycle progression, although the mechanisms seem partially different for CO3O4 and TiO2 NPs. Further studies are necessary to understand the molecular mechanism under the relationship between autophagy, G0/G1 phase arrest and under-expression of several miRNAs at 24-48 hours after TiO2 NPs exposure. However, these effects should not be underestimated, because regulation of the cycle progression is crucial for cell survival, ensuring the detection and repair of genetic damage, and prevents cells from escaping the control mechanisms essential for the maintenance of tissue homeostasis. In long-term exposed cells, this may have very serious consequences, because errors in these processes can either kill a cell, for example through apoptosis, or cause mutations that may lead to cancer.
Materials and Methods
Nanoparticle Characterization
Cobalt (II,III) oxide nanopowder (<50 nm) and TiO2 nanopowder (<100 nm) are commercially available and were provided with physicochemical characterization by Sigma (St. Louis, MO, USA).
In Alinovi et al. 2015 , the complete characterization of NPs is reported [13] . The CoNPs and the TiO2 NPs were investigated by Transmission Electron Microscopy (TEM) once they were dispersed in complete medium to visualize the dimensions of the NPs and the aggregation state. In addition, by performing electron diffraction experiments, the crystalline phases of the nanopowder were checked.
The dominant phase observed for the NPs is anatase (>90%), while a small amount of the NPs show a rutile structure. Since the behavior and the aggregation state of the NPs in different mediums depend strongly on the surface charge of the NPs and the ionic strength of the suspension, a further characterization using both Dynamic Light Scattering and Z-potential techniques was carried out. The analysis was performed using the 90Plus PALS instrument (Brookhaven Corp., Holtsville, NY, USA).
Cell culture and treatment
The human non-small cell lung cancer A549 cell line was obtained by ATCC. Cells were routinely cultured in sterile plastic material from Costar, Corning (Amsterdam, The Netherlands) and in RPMI 1640 medium (Euroclone, Milan, Italy) supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 U/ml+0.1 mg/ ml) and maintained in a humidified atmosphere with 5%
CO2 at 37°C. The cells were incubated for 24h prior to exposure to NPs. Cells free of NPs served as the control group in each assay.
To distribute the nanoparticles in the working solution as evenly as possible, before each cell culture experiment, their suspensions were sonicated immediately before use [13] .
The morphology of the cells was evaluated using an inverted microscope (Olympus CK40-RFL, Tokyo, Japan).
Cell cycle analysis
The quantification of DNA content by flow cytometry is the most used method for the identification of the cell distribution during the phases of the cell cycle. Nuclear DNA content was labelled with propidium iodide (PI) as previously described [51] . Briefly, about 1×10 
RNA Isolation and cDNA Synthesis
RNA isolated from cultured cells using TRIzol reagent (Thermo Fisher Scientific, MA USA) was quantified using a NanoDrop spectrophotometer (Thermo Scientific, DE), after removing any genomic DNA contamination [1] .
The gene expression of CDK4, CCND1, CDK6, CCNE1, CDK2 and p21 was assessed using realtime quantitative reverse transcription-polymerase chain reaction (qRT-PCR) on an iCycler iQ Multicolor RealTime PCR Detection System (Bio-Rad, Hercules, CA, USA). Specific primers (spanning the exon-exon junctions) and locked nucleic acid probes ( 
Reverse transcription and quantification of miRNA expression by qRT-PCR
Total RNA was reverse transcribed using a TaqMan MicroRNA RT kit (Thermo Fisher Scientific, MA USA), as previously described [1] . cDNA was amplified using TaqMan 2x Universal PCR Master Mix (Life Technologies, Carlsbad, CA), a specific primer set, and hydrolysis probe-based TaqMan microRNA Assays (Life Technologies, Carlsbad, CA) in 20 μL of mixture. Quantitative PCR was performed using an iCycler iQ RealTime Detection System (Bio-Rad, Hercules, CA). The reactions consisted of one step at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All assays were made in duplicate, and one no-template and two interpolate controls were used in each experiment. The expression of the miRNAs was calculated using the comparative cycle threshold (Ct) method, as the fractional cycle number at which the fluorescence passed the fixed threshold. The Ct values of the target miRNAs were normalized to sno-RNU6B and the fold-change in expression of each miRNA were calculated using the equation 2−ΔΔCt [52] .
Statistical analysis
SPSS software version 20.0 (SPSS Inc/IBM, Chicago, Ill, USA) was used for analysis. Data of almost three independent experiments are presented as mean ± standard deviation and all groups were analyzed using two-way ANOVA followed by Dunnett's or Tukey's post-hoc test. Statistical significance was set at p<0.05 (two-sided).
